Thermal, mechanical and electrical stimuli in antinociceptive studies in standing horses : an update by Gozalo-Marcilla, Miguel et al.
Veterinary Anaesthesia and Analgesia 2020, 47, 15e27 https://doi.org/10.1016/j.vaa.2019.09.003REV IEW ART ICLEThermal, mechanical and electrical stimuli in
antinociceptive studies in standing horses: an updateMiguel Gozalo-Marcillaa, Stelio Pacca Loureiro Lunab, Frank Gasthuysc & Stijn Schauvliegec
aThe Royal (Dick) School of Veterinary Studies and The Roslin Institute, The University of Edinburgh, Easter Bush
Campus, Midlothian, UK
bDepartment of Surgery and Anaesthesiology, School of Veterinary Medicine and Animal Science, S~ao Paulo State
University (UNESP), Botucatu, SP, Brazil
cDepartment of Surgery and Anaesthesia of Domestic Animals, Faculty of Veterinary Medicine, Ghent University,
Merelbeke, BelgiumCorrespondence: Miguel Gozalo-Marcilla, The Royal (Dick) School of Veterinary Studies and The Roslin Institute, The University of Edinburgh, Easter Bush
Campus, Midlothian EH25 9RG, UK. E-mail: miguelgozalomarcilla@gmail.comAbstract (NTT) can be performed using quantiﬁable, reproducible andObjective To perform a literature review of the thermal and
mechanical antinociceptive devices used in pharmacolog-
ical studies in standing horses published after 2011
(2012e2019). To complete a full literature review about
electrical stimulation used for evaluation in similar studies.
Databases used PubMed, Google Scholar and Web of
Science.
Conclusions A high level of standardization has been
reached in antinociceptive studies in standing horses using
thermal and mechanical stimuli in most recent years.
Commercially available testing devices to deliver thermal,
mechanical and electrical stimuli, with observation of
aversive responses to these stimuli, are reliable, sensitive
and speciﬁc. For electrical stimulus testing, there is evidence
that the resistance between the electrodes should be
measured and should not exceed 3 kU to guarantee
consistent and reproducible stimuli. The speciﬁc analysis of
electromyographic activity after an electrical stimulus pro-
vides more detailed information about the neurons stimu-
lated.
Keywords antinociception, electrical, mechanical, stand-
ing horses, thermal, threshold.Introduction
Measurement of the responses of an animal to a given stimulus
or intensity must be objective for studies evaluating the anal-
gesic efﬁcacy of drugs and their combinations. Increases in
nociceptive thresholds indicate that the drug produces anti-
nociception. In analgesiometry, nociceptive threshold testingnoninvasive stimuli (Beecher 1957). Models of nociception in
animals require the following properties (Le Bars et al. 2001):
1) input speciﬁcity, the stimulus needs to be noxious; 2) output
speciﬁcity, possibility to differentiate nociceptive from non-
nociceptive stimuli (i.e. spontaneous movements that might
be considered as painful); 3) sensitivity, ability to quantify the
response; 4) validity, ability to differentiate from other behav-
iours; 5) reliability, consistency of responses; and 6) repro-
ducibility, which can be performed by different individuals or
research groups. Other essential properties include: 7) safety,
no damage to the tissues; 8) short-term duration with the
ability to terminate the stimulus rapidly; and 9) allowance of
enough time to process the incoming signal, especially those
ﬁbres with slower conduction speeds. Finally, 10) the model
should be one in which the animal does not learn to respond
from cues provided by the researchers (learning effect).
At noxious intensities, thermal stimuli stimulate cutaneous
receptors, activating not only the C ﬁbres at low ramp rates of
rising temperature (Tillman et al. 1995; Yeomans & Proudﬁt
1996) but also the A-heat nociceptors (Mengel et al. 1993;
Treede et al. 1998; McMullan et al. 2004). Low-threshold
mechanical stimuli may stimulate non-nociceptive neurons;
noxious mechanical stimuli activate mechanoreceptors and
both nociceptive Ad and C ﬁbres. Electrical stimuli may be the
least speciﬁc as they not only activate the Ad and C ﬁbres but
also excite the large diameter Ab ﬁbres, which are not directly
associated with nociception (Le Bars et al. 2001). Nonetheless,
there is evidence that electrical stimulation can be speciﬁc
using different frequencies in rats (Nagakura et al. 2008) and
human volunteers (Liu et al. 1996).
However, extrapolation of results from other species to
horses should be done cautiously. NTT in standing horses is
generally performed using thermal, mechanical and/or15
Nociceptive threshold testing in horses M Gozalo-Marcilla et al.electrical stimuli under experimental conditions. These horses
must ideally have a calm temperament and be familiar with
personnel, environment and testing equipment. Love et al.
(2011) published a complete review of thermal and mechan-
ical NTT techniques in standing horses; no review of electrical
stimulation studies has been published.
By 2011, the ﬁrst reported type of thermal stimulus con-
sisted of radiant heat from an incandescent lamp projected on
the clipped and blackened with ink area of the withers or the
coronary band of a thoracic limb until the animal moved; a
hoof withdrawal reﬂex (HWR) in the case of the thoracic limb.
Limitations of this technique include the variations in radiation
and/or intensity of the stimulus and that animals become
accustomed to the stimulus resulting in diminished or
increased responses over time (Kamerling et al. 1985; Le Bars
et al. 2001; Love et al. 2011). A second type of thermal
stimulus used thermode-based contact heat (Love et al. 2011)
that was initially designed and validated in cats (Dixon et al.
2002) and later adapted for horses (Robertson et al. 2005;
Sanchez et al. 2007, 2008; Elfenbein et al. 2009). A
commercially available system consisted of a temperature
sensor and a heating element placed in contact with the clip-
ped skin of the withers of the horse using an elastic strap. The
probe, connected to the threshold testing device by a long
cable, was heated at a constant rate until the horse responded
or until a cut-out value was reached.
A mechanical stimulus applies a force on an area
(pressure ¼ force/area). Inﬂation of intestinal balloons result-
ing in intestinal distension was used for many years to simulate
visceral pain (Skarda & Muir 2003; Robertson et al. 2005;
Sanchez & Merritt 2005; Sanchez et al. 2008). However, the
application of a force at a constant rate is challenging with this
model as the area of stimulation will increase with visceral
distension (Love et al. 2011). Hand-held pressure algometers
have been used to detect pain and assess treatments in horses
with back pain (Haussler & Erb 2006a,b). Somatic pain has
been evaluated using pneumatically operated piston acting on
a blunt-ended pin in contact with the skin on the dorsal aspect
of the metacarpus of the horse (Chambers et al. 1990, 1993,
1994; Moens et al. 2003). Activation of the piston resulted
in a progressive increase in force over a constant surface area,
and the threshold was identiﬁed by observation of a behav-
ioural response by the horse, such as the HWR. To avoid tissue
damage, the maximal mechanical stimulus was limited to a
predetermined cut-out value.
In their review, Love et al. (2011) also discussed the factors
inﬂuencing the results of NTT, including ambient temperature,
environmental stimuli and learning, sex differences and tissue
damage.
The aims of this study were to review papers published
during 2012e2019 of pharmacological antinociceptive
studies involving thermal and mechanical stimuli in© 2019 Association of Veterinary Anaesthetists and American College16standing horses and to perform a complete critical review of
the literature employing electrical stimuli in standing
horses.
Materials and methods
The literature search included the search engines PubMed,
Google Scholar and Web of Science. Words and their combi-
nations searched were: ‘antinociception’, ‘anti-nociception’,
‘antinociceptive’, ‘anti-nociceptive’, ‘electrical’, ‘equine’,
‘horse’, ‘mechanical’, ‘standing’, ‘thermal’ and ‘threshold’.
The criteria for inclusion included published papers in peer-
reviewed journals written in English, blinded or nonblinded,
reporting the use of thermal, mechanical and electrical stim-
ulation in pharmacological antinociceptive studies in standing
horses. Papers with information describing the techniques and
relevant correspondence were also included. The main litera-
ture review was performed by the ﬁrst author and was inde-
pendently screened by the co-authors. Each of the co-authors
determined the suitability of each paper for inclusion.
Results
A total of 41 papers were identiﬁed (Tables 1e4). All were
performed in experimental animals and 15 included the use of
at least two stimuli. From them, three nonpharmacological
studies using any of these nociceptive techniques were
included for review (Table 5). A correspondence to a journal
was considered as well.
Thermal stimulus testing (2012e2019)
A wireless, silent thermode-based system, using contact heat
and speciﬁcally designed for large animals was most
commonly used [wireless thermal threshold system 2
(WTT2); Topcat Metrology Ltd, UK; Table 1]. The system
designed for small animals (WTT1) was used in studies in
foals (McGowan et al. 2013) and adult horses (Elfenbein
et al. 2014). In these studies, a thermal probe was
attached with an elasticated band to the shaved dorsal aspect
of the metacarpus. The probe temperature increased at a
constant rate of 0.5e0.8 C seconde1 when the button of a
remote control was pressed. The heating was manually
interrupted when an aversive response occurred or a pre-
determined cut-out value (53e60 C) was reached (auto-
matically sensed by the device). Cut-out values of 55 C were
commonly used, although limits of 60 C were used in
warmer geographical locations (Luna et al. 2015; Lopes et al.
2016; Crosignani et al. 2017; Gozalo-Marcilla et al. 2017a,
2019a,b). Application sites for the stimulus included clipped
areas at the withers, nostrils, dorsal aspect of the metacarpus
and coronary band. Comparison of the stimulation sites
revealed that the dorsal metacarpus was more reliable than
the withers (Luna et al. 2015). Another study showed betterof Veterinary Anesthesia and Analgesia. Published by Elsevier Ltd. All rights
reserved., 47, 15e27
Table 1 Number of horses, study designs, equipment used, location of thermal probes, temperature increase, cut-out points and presence of
burns of published pharmacological studies in experimental standing horses using thermode-based systems as the method of thermal stim-
ulation (2012e2019)
Authors Horses Blinded Random &
crossover
Equipment Location Ta increase
(C seconde1)
Cut-out (C) Skin
burns?
Love et al. (2012) 6 adults (all geldings) Yes Yes Wireless Withers 0.5 53 No
Müller et al. (2012) 5 adults (2 geldings, 3
mares)
No Yes WTT2 Nostrils 0.8 60 No
McGowan et al. (2013) 7 pony foals (aged 1
e2 weeks)
Yes Yes WTT1 Withers 0.8 55 No
Poller et al. (2013a) 5 adults (2 geldings, 3
mares)
No Yes WTT2 Nostrils
Withers
Coronary
band
0.8
0.6
0.6
56
56
56
Yes
Poller et al. (2013b) 11 adults (4 geldings,
7 mares)
Yes Yes WTT2 Nostrils
Withers
0.8
0.6
54
54
Yes
Elfenbein et al. (2014) 8 adults (5 geldings, 3
mares)
Yes Yes WTT1 Withers 0.8 55 No
Love et al. (2015) 6 adults Yes Yes Wireless Withers 0.5 53 No
Luna et al. (2015) 8 adults Yes Yes WTT2
5 g (Probe 3)
Withers
Dorsal
metacarpus
0.8
0.8
60
60
Yes
Lopes et al. (2016) 8 adults Yes Yes WTT2 Withers
Dorsal
metacarpus
0.8
0.8
60 Yes
Crosignani et al. (2017) 6 adult mares Yes Yes WTT2
5 g (Probe 3)
Dorsal
metacarpus
0.8 60 No
D€onselmann Im
Sande et al. (2017)
8 adults (2 geldings, 6
mares)
Yes Yes WTT2 Withers 0.8 55 No
Gozalo-Marcilla et al. (2017a) 8 adults (4 geldings, 4
mares)
Yes Yes WTT2
Probe 3
Dorsal
metacarpus
0.8 60 Yes
Gozalo-Marcilla et al. (2019a) 7 adults (3 geldings, 4
mares)
Yes Yes WTT2
Probe 3
Dorsal
metacarpus
0.8 60 No
Gozalo-Marcilla et al. (2019b) 7 adults (3 geldings, 4
mares)
Yes Yes WTT2
Probe 3
Dorsal
metacarpus
0.8 60 No
Echelmeyer et al. (2019) 8 adults (2 geldings, 6
mares)
Yes Yes WTT2 Withers 0.6 56 Yes
Reed et al. (2019) 8 adults (3 males, 5
females)
Yes Yes WTT2
5 g
Dorsal
metacarpus
0.8 55 No
Blinded, investigator unaware of treatment assigned; Ta, temperature; WTT1, wireless thermal threshold testing system 1, small animal version; WTT2, wireless thermal
threshold testing system 2, large animal version.
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band (Poller et al. 2013a).
Application of heat to the skin may result in tissue damage,
typically seen as areas of thickened skin (Luna et al. 2015; Lopes
et al. 2016), andwas reportedafter17.5%and5%of stimulations
at the nostrils and withers, respectively (Poller et al. 2013a,b). In
these cases, the skin pigmentation returned after 3e5 days
(Poller et al. 2013a). The ramp rate used for heating the probe
may impact the development of skin lesions. For example, wheals
at the withers were reported in studies using a heating rate of
0.85 C seconde1, but not 0.5 or 0.2 C seconde1 (Love 2009,
Love et al. 2011). At the withers, a heating rate of 0.6 C sec-
onde1 resulted in small lesions after two of the 40 thermal© 2019 Association of Veterinary Anaesthetists and American College of Veterina
reserved., 47, 15e27stimulations (5%) (Poller et al. 2013a). In that study, the nostrils
were stimulated at 0.8 C seconde1 as heating rate of 0.6 C
seconde1 resulted in signiﬁcant burns in a pre-trial (Poller et al.
2013a). Application of a thermal stimulus to the metacarpus at
0.8 C seconde1 did not result in skin lesions in two studies (Luna
et al. 2015; Lopes et al. 2016), whereas superﬁcial, slightly
painful oedematous wheals were observed in one horse in
another study on the metacarpus (Gozalo-Marcilla et al. 2017a)
and on the withers (Luna et al. 2015; Lopes et al. 2016).
The design of the probehas been reﬁned to avoid tissue damage
by mounting the heater in a brass tube (type 3 probe), ensuring
consistent temperature across the contact area without ‘hot
spots’ and a more accurate temperature recorded by the sensorry Anesthesia and Analgesia. Published by Elsevier Ltd. All rights 17
Table 2 Number of horses, study designs, equipment used, location of thermal probes, temperature increase, cut-out points and presence of
burns of published pharmacological studies in experimental standing horses using radiant heat by lamp as the method of thermal stimulation
(2012e2019)
Authors Horses Blinded Random &
crossover
Equipment Location Ta increase Cut-out Skin
burns
Figueiredo et al. (2012) 6 adults (4 geldings,
2 mares)
Yes Yes Lamp Right dorsocostal &
right shoulder
2 W
seconde1
25 seconds
or skin Ta >50 C
No
Santi Milare et al. (2013) 6 adults (3 geldings,
3 mares)
No No Lamp Shaved proximal
phalanx TL
NS 10 seconds No
Oliveira et al. (2014) 6 adults (Phase 1)
6 adults (Phase 2)
Yes Yes 500 W Lamp Shaved skin
coronary band TL
NS 10 seconds No
Blinded, investigator unaware of treatment assigned; NS, not speciﬁed; Ta, temperature; TL, thoracic limb; W, watts.
Table 3 Number of horses, study designs, equipment used, location of pin, tip diameter, force increase and cut-out point of published
pharmacological studies in experimental standing horses using limb-mounted remotely controlled devices and other methods of mechanical
somatical stimulation (2012e2019)
Authors Horses Blinded Random &
crossover
Equipment Location Tip
diameter
Force
increase
(N seconde1)
Cut-out (N)
Limb-mounted remotely controlled
Love et al. (2012) 6 adults (all
geldings)
Yes Yes As Chambers
et al. (1993)
Dorsal
metacarpus
1.5 mm NS 15
Love et al. (2015) 6 adults Yes Yes As Chambers
et al. (1993)
Dorsal
metacarpus
1.5 mm NS 15
Luna et al. (2015) 8 adults Yes Yes WMT1 Dorsal
metacarpus
1 mm 0.8 20
Lopes et al. (2016) 8 adults Yes Yes WMT1 Dorsal
metacarpus
1 mm 0.8 20
Crosignani et al. (2017) 6 adult mares Yes Yes WMT1 Dorsal
metacarpus
1 mm 0.8 20
Gozalo-Marcilla
et al. (2017a)
8 adults (4 geldings,
4 mares)
Yes Yes WMT1 Dorsal
metacarpus
1 mm 0.8 20
Gozalo-Marcilla
et al. (2019a)
7 adults (3 geldings,
4 mares)
Yes Yes WMT1 Dorsal
metacarpus
1 mm 0.8 20
Gozalo-Marcilla
et al. (2019b)
7 adults (3 geldings,
4 mares)
Yes Yes WMT1 Dorsal
metacarpus
1 mm 0.8 20
Echelmeyer et al. (2019) 8 adults (2 geldings,
6 mares)
Yes Yes WMT1 Dorsal
metacarpus
1 mm 0.6 20
Portable, manual algometers or dynamometers
Grimsrud et al. (2012) 8 adults (4 geldings,
4 mares)
No No Manual algometer Scapular spine 1 cm Slow,
steady
pressure
160
van Loon et al. (2012) 8 adult ponies (all
geldings)
Yes Yes Manual algometer Back 1 cm2 5 kg
cm2
seconde1
NS
Jordana et al. (2014) 9 horses (4 geldings,
5 mares)
No Yes Algometer with
long stem
Heel bulb 3 mm NS 180
Rezende et al. (2015) 8 adults (4 geldings,
4 mares)
No No Manual algometer Scapular spine 1 cm Slow,
steady
pressure
160
Paz et al. (2016) 8 adult mares No Yes Algometer
with long stem
Regions of feet 7 mm NS NS
Blinded, investigator unaware of treatment assigned; N, newton; NS, not speciﬁed; WMT1, wireless mechanical threshold testing system 1.
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Table 4 Number of horses, study designs, position of electrodes, equipment used, type of current, rate of electrical stimulus increase, cut-out point and resistance of published
pharmaceutical studies in experimental standing horses using an electrical current as the method of stimulation
Authors Horses Blinded Random &
crossover
Stimulus electrodes
placement
Equipment Type of current Increase Cut-out Resistance?
Hoof withdrawal reﬂex, evaluation of aversive responses
J€ochle & Hamm (1986) 6 adults Yes Yes 2 cm apart, TL, HL,
coronary band,
conductive gel
CC generator Constant DC NS NS No
Hamm et al. (1995) 8 adults (3 geldings, 5
mares)
Yes Yes Withers, coronary bands
& perineal region
CC generator Constant DC NS NS No
Schatzman et al. (2001) 6 adults (5 geldings, 1
mare)
Yes Yes 3 cm apart TL coronary
band, conductive gel
CC generator
(J€ochle & Hamm
1986)
Constant DC NS 30 mA No
Moens et al. (2003) 6 adults (5 geldings, 1
mare)
Yes Yes 3 cm apart TL coronary
band, conductive gel
CC generator
(J€ochle & Hamm
1986)
Constant DC NS 30 mA No
Figueiredo et al. (2012) 6 adults (4 geldings, 2
females)
Yes Yes HLs clipped coronary
band
Shock Scan
Analgesiometer
NS 1 mA seconde1 25 mA
or 25
seconds
No
Santi Milare et al. (2013) 5 adults (1 gelding, 4
mares)
No No Shaved proximal
phalanx TL
Grass S-48 AC (50 Hz, 10 ms) 1 V
5 secondse1
5 V No
Oliveira et al. (2014) 6 adults (Phase 1)
6 adults (Phase 2)
Yes Yes Shaved coronary band
TL
Grass S-48 AC (50 Hz, 10 ms) 1 V
5 secondse1
40 V No
Luna et al. (2015) 8 adults Yes Yes 7 cm apart, TL shaved
coronary band
Grass S-48 AC (50 Hz, 10 ms) 1 V
5 secondse1
15 V No
Lopes et al. (2016) 8 adults Yes Yes 7 cm apart, TL shaved
coronary band
Grass S-48 AC (50 Hz, 10 ms) 1 V
5 secondse1
40 V No
Crosignani et al. (2017) 6 adult mares Yes Yes 7 cm apart, TL shaved
coronary band
Grass S-48 AC (50 Hz, 10 ms) 1 V
5 secondse1
15 V No
Gozalo-Marcilla et al. (2017a) 8 adults (4 geldings, 4
mares)
Yes Yes 8 cm apart, TL shaved
coronary band
Grass S-48 Pulsatile (10 ms,
10 Hz)
1 V
5 secondse1
20 V <3 kU
Gozalo-Marcilla et al. (2019a) 7 adults (3 geldings, 4
mares)
Yes Yes 8 cm apart, TL shaved
coronary band
Grass S-48 Pulsatile (10 ms,
10 Hz)
1 V
5 secondse1
20 V <3 kU
Gozalo-Marcilla et al. (2019b) 7 adults (3 geldings, 4
mares)
Yes Yes 8 cm apart, TL shaved
coronary band
Grass S-48 Pulsatile (10 ms,
10 Hz)
1 V
5 secondse1
20 V <3 kU
Nociceptive withdrawal reﬂex analysed by electromyography
Spadavecchia et al. (2002) 10 adults (8 geldings, 2
mares)
No No 2 cm apart, clipped over
LPDN
NS, CC device CC, train of 5
1 ms, 200 Hz
1 mA start, [ 0.5
mA
na <5 kU
Spadavecchia et al. (2003) 20 adults (16 geldings, 4
mares)
No No 2 cm apart, clipped over
LP(l)DN
NS, CC device CC, train of 5
1 ms, 200 Hz
1 mA start, [ 0.5
mA
na <5 kU
Spadavecchia et al. (2004) 10 adults (8 geldings, 2
mares)
No No 2 cm apart, clipped over
LP(l)DN
NS, CC device CC, train of 5, 1 ms, 200 Hz.
Subthreshold intensities: 2, 5 & 10 Hz
in 2 seconds. 12 repeated series
na <5 kU
Spadavecchia et al. (2005) 10 adults (8 geldings, 2
mares)
No No 2 cm apart, clipped over
LP(l)DN
NS, CC device CC, train of 5, 1 ms, 200 Hz versus TS
5 Hz in 2 seconds
na <5 kU
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© 2019 Association of Veterinary Anaesthetists and American College20(Dixon et al. 2016). In that study, involving two humans and
eight cats, no skin damagewas evident after stimulationwith the
type 3 probe, producing ‘mild hyperaemia in three cats at 2e3
days that resolved rapidly’. A change in the position of the probe
after every stimulus is recommended (Gozalo-Marcilla et al.
2017a; Reed et al. 2019).
An incandescent heat projection lamp was used as a radiant
heat source in only three studies (2012e2019), directed onto
skin after shaving the hair on the lateral surface of the prox-
imal phalanx of the thoracic limb proximal to the coronary
band (Santi Milare et al. 2013), directly on the coronary band
(Oliveira et al. 2014) or at the dorsocostal and shoulder region
(Figueiredo et al. 2012) (Table 2).
Mechanical stimulus testing (2012e2019)
Wireless, silent remotely controlled equipment was most
commonlyemployed in thepapers reviewed (Table3). This device
[wireless mechanical threshold system 1 (WMT1); Topcat
Metrology Ltd] consists of a pneumatic actuator adapted from
dogs and cats (Dixon et al. 2010),with an ideally sharp-endedpin
secured in contact with the clipped skin of the metacarpus.
Pressing the remotebutton initiates themechanical stimulus that
is created by a gradual increase of gas force within the actuator,
until an aversive response is present (manually deactivated) or a
cut-out value is reached (automatically sensed by the device),
normally 20 N (Luna et al. 2015). A small probe tip (1.0 mm
diameter of surface, sharp-ended) is documented to result in less
variable data than those of larger diameters (Taylor et al. 2016).
Portable, manual algometers or dynamometers are also used
to evaluate the efﬁcacy of drugs administered intravenously (IV)
(Grimsrud et al. 2012; Rezende et al. 2015), epidurally (van
Loon et al. 2012) and for lameness examination after regional
and local anaesthesia in horses (Jordana et al. 2014; Paz et al.
2016). No studies published since 2011 were found that
included an intestinal balloon as a model of visceral pain.
Electrical stimulus testing
Electrical stimulus testing is quantiﬁed according to the type of
responses evoked: 1) visual observation of an aversive response
or HWR (when a limb is stimulated) and 2) a more detailed
evaluation using electromyography (EMG) to record activity in
the muscles involved in the nociceptive withdrawal reﬂex
(NWR), a polysynaptic signal reﬂex responsible for the escape
response, or the spinally derived somatosensory-evoked po-
tentials (SSEPs), the electrical activity of the spinal cord that
results from the stimulation of touch.
Electrical stimulus evaluating HWR
Direct (DC), alternating (AC) or pulsed/pulsatile direct (PDC)
currents were used for this purpose (Fig. 1; Table 4). Aof Veterinary Anesthesia and Analgesia. Published by Elsevier Ltd. All rights
reserved., 47, 15e27
PDC
DC
AC
Time
Intensity
Voltage 0
Figure 1 Direct (DC), alternating (AC) or pulsed/pulsatile direct
(PDC) currents for electrical stimulation.
Table 5 Miscellaneous studies evaluating the different nociceptive threshold methods in horses, humans and cats
Authors Equipment Study design Species Location Skin burns? Main ﬁndings
Luna et al. (2015) TT, MT, ET Blinded,
randomized,
crossover
8 horses TT on metacarpus
and withers
MT and ET on
metacarpus
Yes Best results: MT >
TT limb > ET limb
> TT withers. First
3 validated for
antinociceptive
studies in standing
horses
Dixon et al. (2016) 4 TT probes Blinded, with 3
phases (pilot,
human and cats)
2 humans
and 8 cats
Humans on
hairless
antebrachium
Cats on shaved
skin of the thorax
Probe
dependent
Probe 3 more
suitable for TT
Taylor et al. (2016) 4 MT pins Blinded,
randomized,
crossover
8 horses Metacarpus na Smaller probe tips
preferred, less
variable data
ET, electrical threshold; MT, mechanical threshold; na, not applicable; TT, thermal threshold.
Nociceptive threshold testing in horses M Gozalo-Marcilla et al.constant current (CC) is a type of DC that does not change its
intensity with time and would account for the change in
resistance. In contrast to DC, AC is a current that periodically
reverses direction (oscillating about 0). PDC is a periodic cur-
rent that changes in value but never changes direction. In
early studies, the electrical stimulus was commonly applied to
a limb, resulting in a HWR (J€ochle & Hamm 1986; Schatzman
et al. 2001; Moens et al. 2003). Commonly, the electrical
current is delivered from an electrical stimulator and trans-
ferred via two cables to two electrodes placed 7e8 cm apart in
the clipped area immediately proximal to the coronary band.
Results are reported as voltage (V) or current (mA), depending
on the equipment used. Skin resistance should be measured
and maintained below 3 kU before each stimulus when using
either CC (Hopster et al. 2014; Risberg et al. 2014, 2015) or
PDC (Gozalo-Marcilla et al. 2017a, 2019a,b).
Maintaining skin resistance below 3 kU is extremely
important especially when a CC unit is not used. This can be
achieved by clipping the hair over the coronary band, followed© 2019 Association of Veterinary Anaesthetists and American College of Veterina
reserved., 47, 15e27by washing with water and degreasing with chlorhexidine
containing surfactants (Gozalo-Marcilla et al. 2017a,b). When
resistance was not measured, electrical nociceptive threshold
(ENT) values measured during 45 minutes after a bolus of
saline were very high and heterogeneous, with mean voltage
values ranging from 7 to 20 V (Lopes et al. 2016). By contrast,
within the same group of horses, mean ENT varied from 1.7 to
1.9 V for the same period of time when skin resistance was
below 3 kU (Gozalo-Marcilla et al. 2017a). After conﬁrming
low skin resistance, the electrical stimulus is increased (in V or
mA, depending on the equipment) until an aversive response is
present or the cut-out value reached.
Other studies have used electrical stimulation on the tooth
pulp/gingiva (Brunson et al. 1987; Brunson & Majors 1987;
Nobrega Neto et al. 2013), the paralumbar fossa (Seo et al.
2011) for IV drugs, and dermatomes of the perineal, sacral,
lumbar and thoracic regions for epidural injections (Natalini &
Robinson 2000).
Electrical stimulus for EMG or SSEPs
The NWR that produces muscle activity and is measured by
EMG after electrical stimulation was ﬁrst described in horses by
Spadavecchia et al. (2002, 2003, 2005, 2007). In those
studies, parallel placement of pairs of adhesive electrodes
(separated by 2 cm, resistance < 5 kU) in clipped areas over a
muscle (i.e. common digital extensor, ulnaris lateralis, extensor
carpi radialis, cranial tibial) recorded spontaneous EMG activ-
ity after CC stimulation. Data were collected on a specially
designed computerized system. The EMG recorded for 400 ms
after stimulation was divided into three epochs: 0e80 ms,
when Ab ﬁbres (unrelated to nociception) are activated;
80e250 ms, when Ad nociceptive ﬁbres are stimulated; andry Anesthesia and Analgesia. Published by Elsevier Ltd. All rights 21
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ments of supraspinal origin (Le Bars et al. 1992; Andersen et al.
1999).
Similar studies in conscious horses demonstrated that
repeated stimulations at subthreshold intensities, known as
temporal summations (TS), are able to summate and facilitate
the NWR (Spadavecchia et al. 2004). A repeated stimulus of
constant intensity is simulating progressively increasing pain
perception, which may be of value for the study of chronic pain
(Price et al. 1994; Arendt-Nielsen & Petersen-Felix 1995;
Randoll et al. 2017).
SSEPs measure EMG activity at the spinal cord. This tech-
nique and reﬁnements have been studied in conscious ponies
and anaesthetized horses (van Loon et al. 2009, 2010, 2012).
A bipolar epidural electrode is placed in the subarachnoid
space and a needle electrode is placed subcutaneously ‘close to
the lumbosacral junction in the median plane’ for grounding.
Another three needle electrodes (active, reference and ground)
are inserted subcutaneously over the epaxial muscles, sepa-
rated by 3 cm, to record the epaxial EMG. For the generation of
SSEPs and EMGs, distal stimulating electrodes are placed
intradermally above the fetlock joint of the pelvic limb. Stimuli
are generated by a stimulator with a CC unit. After ampliﬁ-
cation and ﬁltering to eliminate interferences, each SSEP-EMG
consisted of 32 averaged, subsequent responses of 500 ms. This
SSEP model can be used in equine studies to quantitatively
measure the antinociceptive effects of analgesics for caudal
epidural analgesia, and to determine different nociceptive ﬁbre
activities (van Loon et al. 2009). Epidural administration of
methadone reduced the late Ad afferent-mediated dorsal horn
activity without inﬂuencing the early Ab afferent-mediated
component of the SSEP complex (van Loon et al. 2010). By
contrast, epidural administration of ropivacaine inﬂuenced
both Ab- and Ad-mediated afferent transmission (van Loon
et al. 2012).
Combined stimuli evaluating HWR
Thermal, mechanical and electrical stimuli for NTT devices
that evaluated aversive responses in standing horses have been
validated to assess nociception (Luna et al. 2015). In that
study, the best results in agreement and sensitivity were for
mechanical stimulus in the thoracic limb, followed by thermal
stimulus in the thoracic limb and electrical stimulus of the
coronary band, whereas the least reliable results were obtained
for the thermal stimulus applied at the withers.
Several factors inﬂuence the results of nociceptive testing
(Love et al. 2011). Ambient temperature inﬂuences results for
the thermal WTT2 model; detection of end points was clearer
when tests were performed in a box stall with ambient tem-
peratures >20 C rather than <10 C (Poller et al. 2013a).
Details of the studies must be reported, for example, performed© 2019 Association of Veterinary Anaesthetists and American College22at constant ambient temperatures (Poller et al. 2013a,b;
Echelmeyer et al. 2019), controlled room temperature
(Moens et al. 2003; Figueiredo et al. 2012; Reed et al. 2019),
or animals treated at the same time of the day (Figueiredo et al.
2012; Oliveira et al. 2014; Lopes et al. 2016; Gozalo-Marcilla
et al. 2019a). Other aspects of the environment may inﬂuence
results and should be speciﬁed, for example, performed in a
quiet environment (Crosignani et al. 2017), in a ‘familiar box’
(Poller et al. 2013a,b) and animals acclimatized to the study
environment and testing equipment (Moens et al. 2003; Love
et al. 2012; Elfenbein et al. 2014; Gozalo-Marcilla et al. 2017a,
2019a,b; Echelmeyer et al. 2019; Reed et al. 2019). Fly re-
pellent may diminish external stimuli (Gozalo-Marcilla et al.
2017a, 2019a,b). Wireless devices employed for thermal and
mechanical testing may avoid a learning effect (Tables 1e3).
Sex of the animals may inﬂuence results, but selection is
varied in published studies (Tables 1e4). The sex may not be
speciﬁed or the stage of oestrous in mares identiﬁed. Conse-
quently, the discussion of results of a study may include un-
known inﬂuence of uneven sex distribution or the oestrous
cycle of the mares (Poller et al. 2013a; Elfenbein et al. 2014).
Damage to tissues was reported for thermal stimuli (Poller
et al. 2013a,b; Luna et al. 2015; Lopes et al. 2016; Gozalo-
Marcilla et al. 2017a). No skin or limb damage was reported
from mechanical (2012e2019) or electrical stimuli.
Discussion
Following are the main ﬁndings of this review: 1) there is a
clear trend towards standardization and validation of the
thermal and mechanical stimuli for antinociceptive studies in
horses using wireless devices; 2) responses to electrical stimuli
can be assessed by the presence of avoidance responses and
evaluated in more depth by analysing EMG activity; and 3)
thermal, mechanical and electrical stimuli are effective for
evaluation of antinociception in standing horses.
Since the last review detailing many studies for thermal and
mechanical stimulation (Love et al. 2011), most recent studies
have been performed using wireless, silent devices speciﬁcally
designed for horses. The reﬁnement towards a remote wireless
system permits these tests with minimal restraint of the horses
and with the researcher located at a distance from the horse
when the stimuli are applied. Absence of a long cable con-
necting the threshold testing control unit with the thermal or
mechanical probe may minimize the learning effect that may
link the cable with the occurrence of a noxious stimulus.
However, it is essential that the researcher acts in a way that
the horse does not learn that every time the researcher does a
movement or positions him/herself in a certain place, there will
be pain in its leg. Moreover, the presence of false positives,
related to distraction and anxiety of the horse can be reduced
(Taylor et al. 2016).of Veterinary Anesthesia and Analgesia. Published by Elsevier Ltd. All rights
reserved., 47, 15e27
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thermode-based system either on the metacarpus (Luna et al.
2015) or withers (Poller et al. 2013a) preferences depending
on different research groups. The difference in results between
the metacarpus and withers may be related to variation in
heat-transducing neurons, density of nociceptors in these
areas, types of circulation and/or skin differences (Monteiro-
Riviere et al. 1990; Pringle et al. 1999; Jørgensen et al.
2018), but this has not been conﬁrmed. The WTT2 was
developed based on previous models (Robertson et al. 2005;
Sanchez et al. 2007, 2008; Elfenbein et al. 2009). Heat is
applied by contact, and the temperature increase is linear and
adjustable. The area must be prepared appropriately to allow
direct contact of the probe with the skin. When skin and
ambient temperatures are high, low cut-out values will reduce
detection of increases in thresholds, resulting in meaningless
data (Dixon et al. 2016). The most reliable results occurred
when environmental temperatures were >20 C (Poller et al.
2013a). According to the manufacturer, this system is effec-
tive when used at ambient temperatures of 10e35 C (http://
www.topcatmetrology.com/thermal-threshold-wired-and-
wireless). Therefore, if necessary, environmental temperature
should be artiﬁcially adjusted to this range.
With the inclusion of cut-out values for the thermal stim-
ulus, the main limitation of this device is the production of skin
lesions. The occurrence mainly depends on: 1) The area
stimulateddlesions occur more frequently on the nostrils than
on the withers (Poller et al. 2013a), and more on the withers
than the metacarpus (Luna et al. 2015). 2) The heating
ratedrates commonly used in horses are 0.6 and 0.8 C sec-
onde1 at the withers and metacarpus, respectively. The tissue
at the nostrils seems to be the most sensitive area. Therefore, a
slower rate may be considered the most appropriate. However,
0.8 C seconde1 was preferred by Poller et al. (2013a) as a rate
of 0.6 C seconde1 produced signiﬁcant burns in a pre-trial. 3)
The type of probe. Probe type 3 appears to be the most
adequate for thermal threshold testing (Dixon et al. 2016). It is
essential to include all study details when publishing, including
the probe testing device, to enable comparison of results from
different studies.
Many research studies of the antinociceptive properties of IV
drugs used the WMT1 mechanical stimulus system on the
metacarpus, an evolution of devices described earlier
(Chambers et al. 1990, 1993, 1994; Moens et al. 2003). This
device has several advantages over hand-held pressure algo-
meters (Grimsrud et al. 2012; Rezende et al. 2015), such as no
learning effect (wireless, silent), avoids investigator-induced
differences in application (Love et al. 2011), and stimulation
of the dorsal aspect of the metacarpus minimizes anatomical
variations between horses (Love et al. 2011). As with the
thermal probe, this stimulus must be standardized to facilitate
comparison of results from different studies. The use of© 2019 Association of Veterinary Anaesthetists and American College of Veterina
reserved., 47, 15e27mechanical probes with smaller tip areas is recommended to
produce more consistent data (Taylor et al. 2016). Manual
algometers are of value for testing the efﬁcacy of drugs
administered for epidural or low limb nerve blocks (van Loon
et al. 2012; Jordana et al. 2014; Paz et al. 2016). Our litera-
ture search found no studies employing wireless equipment for
evaluating such studies.
Many types of electrical stimuli have been used for evalu-
ating antinociception in standing horses, and the techniques
are not standardized. Observation of aversive responses to an
electrical stimulus is a simple method of evaluation; however,
the technique has several limitations. First, the electrical cur-
rent commonly stimulates all sensory ﬁbres, both nociceptive
and non-nociceptive, and visual observation of aversive re-
sponses does not discriminate between ﬁbre types. Evidence in
other species indicates that use of electrical stimulation at
speciﬁc frequencies may circumvent this problem (Liu et al.
1996; Nagakura et al. 2008). Second, electrical stimuli may
interfere with transduction mechanisms producing ‘short-cir-
cuits’ in the peripheral receptors (Le Bars et al. 2001), with
chemical reactions and tissue electrolysis produced by elec-
trical currents that cannot be excluded (Spadavecchia et al.
2002). This adverse effect may reduce reliability and the
ability to compare results of different studies (Nielsen &
Arendt-Nielsen 1998). Third, none of the devices described
in these studies were wireless and are subject to a learning
effect, especially if the cables are reconnected before each
stimulus.
The physical basics of the nature of the different current
types must be understood to promote standardization. Resis-
tance is a measure of the opposition to the ﬂow of electrical
current. Skin resistance should be always tested before each
stimulus when using DC or PDC and maintained below 3 kU to
preserve reliability (Hopster et al. 2014; Risberg et al. 2014;
Gozalo-Marcilla et al. 2017a,b, 2019a,b). Increased skin
resistance reduces the intensity of the electrical stimulus
transmitted to the horse. Ohm’s law states that current in-
tensity equals voltage divided by resistance, which illustrates
the importance of measuring resistance, even if a CC unit is
used. Although skin resistance should be measured for all types
of current, in theory impedance and not resistance should be
measured for an AC because impedance comprises both resis-
tance and reactance (Barry 1991). Reactance, the nonresistive
component of impedance, is the opposition to the ﬂow of an AC
by the capacitance or inductance of an electrical circuit.
Further investigation about this topic in this ﬁeld is required.
All three stimuli, thermal and mechanical at the metacarpus
and electrical at the coronary band, were validated for evalu-
ation of antinociception in standing horses (Luna et al. 2015).
The devices were ‘easy to apply, aversive responses were
consistent and easy to interpret, and all tests were reliable,
sensitive and speciﬁc, indicating their validity for use inry Anesthesia and Analgesia. Published by Elsevier Ltd. All rights 23
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stimulation, then thermal and lastly electrical stimulation.
However, skin resistance was not measured and without
conﬁrmation of values below 3 kU, the electrical stimulation
results may be questionable.
When performing these types of studies, the adverse
behavioural effects of some drugs must be considered.
Administration of opioids alone IV in pain-free horses may
result in excitement and increased spontaneous locomotor
activity (Carregaro et al. 2007; Oliveira et al. 2014). Sponta-
neous muscle twitching or movement may impede a correct
interpretation of the reaction to stimuli, leading to false posi-
tives (Love et al. 2012; Lopes et al. 2016). These effects are
usually reduced when the drug protocol includes a sedative
and/or tranquilizer.
A more detailed analysis of the stimulated ﬁbres can be
performed by evaluating the EMG activity in muscles of the
thoracic and pelvic limbs (Spadavecchia et al. 2002, 2003).
The assessment of the NWR was adapted from humans to
deﬁne and quantify the spinal nociceptive processes (Willer
1977; Andersen et al. 1994, 1999). This methodology al-
lows a time-dependent controlled activation of the sensory
nervous ﬁbres; non-nociceptive ﬁbres are more rapidly stim-
ulated than the nociceptive ones. TS is also valid and useful
for antinociceptive studies in horses (Spadavecchia et al.
2004) and may be valuable for further fundamental
research on chronic pain (Price et al. 1994; Arendt-Nielsen&
Petersen-Felix 1995; Randoll et al. 2017). Moreover, the
analyses of SSEPs and EMG after electrical stimulation are
useful when studying spinal nociception of different analge-
sics and anaesthetics. However, the complex equipment and
the prolonged time required for data analysis may limit their
use in experimental studies when combined with devices for
thermal and mechanical stimulation.
The review by Love et al. (2011) included several factors
that may inﬂuence the results of nociceptive testing. Since
then, improvements in standardization of devices have resulted
in more homogeneous study designs. The learning effect is
diminished by the use of wireless devices, albeit electrical
testing devices require improvement. More studies report
methods for controlling ambient temperature, provision of a
quiet environment and a familiarization period. Sex differences
are difﬁcult to assess as the number or selection of horses may
be limited by the high costs of experimental studies in horses
(Love et al. 2011). Continued effort must be made to avoid
tissue damage.
This review has several limitations. First, only studies
published in English were included; there may be other
relevant studies published in another language. Search of
the databases may have been incomplete when the ab-
stract or keywords did not include the search words. Sec-
ond, although many studies were identiﬁed that used© 2019 Association of Veterinary Anaesthetists and American College24NTTs, only few studies actually evaluated their methods.
Studies must be speciﬁcally designed to validate the tech-
niques, for example, by comparing different types of me-
chanical or thermal probes, rates of application of each of
the different stimuli and evaluation of types of current for
electrical threshold testing.
Implicit limitations of the reviewed studies include that it
may remain unclear whether the animal’s response is a sign of
pain or simply an unpleasant or even innocuous stimulus
(especially after repeated stimuli). Furthermore, despite the
many published studies, the types of pain stimulated by the
described devices is largely unknown and perhaps some stimuli
are more indicated for different pain phenotypes (i.e. nocicep-
tive, inﬂammatory, neuropathic, functional). As a result of this
review, the only evidence apparent is that electrical TS simu-
lates chronic pain in conscious horses (Spadavecchia et al.
2004).
Further investigations should be directed at identifying the
effect of sex, site of stimulation, repeated stimulation at one site
and ambient temperature, the density of receptors in different
tissues and differentiation of C ﬁbre from Ad ﬁbre stimulation,
and detailed analysis of EMG activity after an electrical stim-
ulus to provide more information about the neurons
stimulated.
Conclusion
Standard methodologies for thermal and mechanical stimula-
tion are currently commonly accepted for antinociceptive
studies for drugs administered IV in standing horses. Their use
is validated for these types of studies, as well as the detection of
aversive responses after electrical stimulation (Luna et al.
2015). For electrical stimulation, maintenance of a resis-
tance between electrical electrodes below 3 kU is mandatory.
However, further studies should question if these techniques
are adequate to determine the antinociceptive properties of
drugs and their combinations, identify the types of pain
simulated by the devices and conﬁrm the impact of a learning
effect for each stimulus on the results. This review also high-
lights the need for basic, fundamental research studies in
horses in this area.
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